We have previously reported that the transformation of the budding yeast with plasmids encoding the human DNA methyltransferases DNMT1 and DNMT3B cDNAs induces the mRNA of flocculin gene FLO1 and the flocculation phenotype. In the present study, we evaluated the effect of DNMT inhibitor in the transformed yeasts using a FLO1 promoter-based green fluorescent protein (GFP) reporter gene assay. The DNMT inhibitor, 5-aza-2 -deoxycytidine (5AZ), decreased GFP fluorescence driven by FLO1 promoter in DNMT-genes transformed yeast (DNMT yeast). Surprisingly, the GFP activity driven by cytosine-phosphate-guanine (CpG) motif-reduced FLO1 promoter decreased both in DNMTs gene-transformed and control strains. Yeast cells transformed with expression vector encoding a maintenance enzyme DNMT1 cDNA showed a flocculation phenotype that was associated with an enhanced mRNA level of FLO1. Bisulfite sequencing revealed methylated CpG sites at the FLO1 promoter in a control strain not expressing any DNMT transgenes, and no detectable methylation at the sites was observed in cells treated with 5AZ. These results suggest that the FLO1 promoter is endogenously de novo methylated leading to the activation of FLO1 gene transcription. Furthermore, the methylation level at the FLO1 promoter is responsible for the significant differences in FLO1 promoter-driven expression of GFP in DNMT yeast.
INTRODUCTION
Epigenetics refers to the heritable gene expression changes without altering the primary DNA sequence. The heritable changes in gene expression associated with epigenetics provide a powerful mechanism to regulate the dynamics of gene expression (Rodenhiser and Mann 2006) . The major epigenetic processes that modify a chromatin structure include the methylation of cytosine bases in DNA and posttranslational modifications of histone proteins (Ducasse and Brown 2006) . Furthermore, it has been reported that epigenetic abnormalities drive tumorigenesis (Singh, Zhang and Wu 2015) , suggesting that the epigenetic regulations play a crucial role in the control of fundamental cellular processes. On the other hand, although DNA methylation is a major epigenetic mark associated with the regulation of gene expression in most eukaryotes, a functional DNA methylation system has not been discovered in yeast yet, whereas epigenetic gene regulation based on histone modifications are conserved in yeast (Suzuki and Bird 2008; Sharma, Kelly and Jones 2010; Bannister and Kouzarides 2011; Schübeler 2015) .
The methylation of cytosine residues in genomic DNA, a common form of DNA methylation detected predominantly at the cytosine-phosphate-guanine (CpG) dinucleotides, is catalyzed by DNA methyltransferases (DNMTs). Three catalytically active isoforms of DNMTs are responsible for the establishment and maintenance of DNA methylation patterns in mammalian cells. DNMT1, which functions during replication to copy DNAmethylation patterns from the parental to daughter strand, is critical for maintaining the genomic methylation patterns (Denis, Ndlovu and Fuks 2011) . During normal embryonic and germ cell development, DNA methylation patterns are initiated by DNMT3A and DNMT3B, which are members of the DNMT3 family of de novo DNMTs. These DNMTs, in contrast to DNMT1, show preference for unmethylated CpG dinucleotides (Okano, Bell and Haber 1999; Li 2002) . Therefore, it is considered that close cooperation between the two modes of DNA methylation is required in methylated regions of genomic DNA.
Although the budding yeast Saccharomyces cerevisiae is an ideal organism for studying fundamental processes in eukaryotic cells (Duina, Miller and Keeney 2014) , no DNMT-like genes have been identified from the yeast genome (Suzuki and Bird 2008; Schübeler 2015) . On the other hand, the promoter of a flocculin-coding gene FLO1 responsible for nonsexual flocculation in the yeast is considered to be under epigenetic regulation through histone acetylation (Fleming, Beggs and Church 2014; Church, Smith and Alhussain 2017) . In our previous study, we have found that the yeast strains transformed with plasmids encoding human DNMT1 and DNMT3B cDNAs exhibited a flocculation phenotype that was repressed by DNMT inhibitors (Sugiyama, Takamune and Furusawa 2015) . In addition, the flocculation levels of the yeast carrying the DNMT genes or control empty vectors were correlated with the FLO1 mRNA expression (Sugiyama, Takamune and Furusawa 2015) . Recently, we have reported that a plasmid-based green fluorescent protein (GFP) reporter gene driven by the FLO1 promoter region responded to changes in the transcriptional rate that can be associated with the histone levels-mediated epigenetic regulation of FLO1 gene expression (Sugiyama, Furusawa and Shimizu 2016; Sugiyama, Furusawa and Grúz 2017) . Here, for the first time, we report that endogenous DNA methylation can represent an epigenetic mechanism that budding yeast cells use to control gene transcription and that the FLO1 promoter-driven GFP reporter assay is useful for the detection of DNMT inhibitors.
MATERIALS AND METHODS

Strains, culture conditions and chemicals
The Saccharomyces cerevisiae strain YPH250 was used as a wildtype strain. YPH250 was transformed with the pYES2/CTbased pY2hD1 plasmid containing the human DNMT1 cDNA with or without the pYES3/CT-based pY3hD3B plasmid containing the human DNMT3B cDNA as described previously (Sugiyama, Takamune and Furusawa 2015) . Empty vectors pYES2/CT (Invitrogen, Carlsbad, CA, USA) and pYES3/CT (Invitrogen) were used as a control. Yeast cells were cultivated aerobically at 30
• C in a synthetic dextrose (SD) minimal medium containing 2% of glucose, 0.67% of yeast nitrogen base and appropriate amino acids. 5-aza-2 -deoxycytidine (5AZ) (CAS.
No. 2353-33-5), 5-Azacytidine (5A) (CAS. No. 320-67-2) and 2-Deoxycytidine (2dC) were obtained from Sigma-Aldrich (St. Louis, MO, USA).
Plasmid construction
The reporter plasmid with GFP cDNA under the FLO1 promoter sequence from strain S228C was constructed as follows: the SalI/ClaI fragment containing the FLO1 promoter region (−1000 bp to ATG) was synthesized by Genewiz (Suzhou, China) and cloned into homologous restriction sites of p313eGFP plasmid (Sugiyama, Furusawa and Grúz 2017) . The resulting plasmid was named pF1GS. The reporter plasmid with GFP cDNA under the FLO1 promoter sequence with lower CpG density was constructed as follows: The SalI/ClaI fragment containing the FLO1 promoter region in which some of the CpG sites were substituted with TpA sites was synthesized by Genewiz and cloned into homologous restriction sites of plasmid p313eGFP (Sugiyama, Furusawa and Grúz 2017) . The resulting plasmid was named pF1GSTpA. Synthesized DNA fragments used in this study are summarized in Table S1 , Supporting Information.
Reporter assay
The reporter gene assay was performed as described below. The pF1GS or pF1GSTpA plasmid was transformed into target yeast strain by the lithium acetate method according to the manufacture's instructions (BD Biosciences Clontech, Palo Alto, CA). The yeast cells carrying a reporter plasmid were cultured for 24-26 h in 3.0 mL of SD minimal medium to an optical density at 600 nm of 4-7. Cells from 1.0 mL cultures were collected by centrifugation, the cell pellet was washed and resuspended in 1.0 mL of 0.9% NaCl. Fluorescence measurements were made using 100 μL of sample in black flat-bottomed plate (Sterilin Sero-Well, UK) with a microplate fluorometer (TriStar 2 LB 942; Berthold Technologies GmbH & Co. KG, Bad Wildbad, Germany). Fluorescence intensity (excitation, 485 nm; emission, 535 nm) was measured to determine the relative levels of GFP expression. Background fluorescence, as calculated from a well containing 100 μL of 0.9% NaCl, was subtracted from the measurements. The fluorescence intensity was normalized to OD600 = 1.0.
Flocculation assay
Yeast cells were grown for 40-45 h in 3.0 mL of the SD minimal medium with or without 0.1 mM 5AZ to an optical density of 5-7 at 600 nm (OD600), and then, tubes containing the yeast cultures were allowed to settle for 5 min and photographed in the horizontal aspect. The depths of both transparent area (T) and culture (C) were measured. Relative flocculation activity was calculated using the following equation:
Relative flocculation activity = 100 × (T/C)
Semi-quantitative reverse transcription-polymerase chain reaction assay
Transformed yeast cells grown in the late logarithmic phase in the SD minimal medium were collected. Semi-quantitative reverse transcription-polymerase chain reaction (RT-PCR) assay for the analysis of relative transcript levels of FLO1 gene was performed as described by Sugiyama et al. (2017) . Briefly, DNA-free total RNA was extracted by a glass bead method using the RNeasy kit (Qiagen N.V., Venlo, Limburg, Netherlands) with RNase-free DNase treatment, according to the manufacturer's instructions. DNA-free total RNA (0.05 μg) was subjected to RT-PCR using the SuperScript R One-Step RT-PCR System with Platinum R Taq DNA Polymerase (Invitrogen). The following primer pairs were used for RT-PCR analyses: FLO1, 5 -CTCATCGCTATATGTTTTTGG-3 (forward) and 5 -CGAGTAAACAACCTTCATTGG-3 (reverse); β-actin (ACT1), 5 -ATTCTGAGGTTGCTGCTTTGG-3 (forward) and
Bisulfite sequencing
DNA extraction was performed using the Yeast DNA Extraction Kit (Thermo Scientific, Waltham, MA, USA). Bisulfite conversion was performed using the EpiSight Bisulfite Conversion kit (Wako, Osaka, Japan) following manufacturer's protocol. Converted DNA was used as a template for PCR with EpiSight BisulTaq DNA Polymerase (Wako). Primer sequences for the PCR were as follows: for the FLO1 promoter, 5 -GGTGGAGTTTTTGGTTTTTAGTATGT-3 and 5 -AAAACTAAAATTCATTCACCAATTTTATAA-3 . The purified DNA fragment of FLO1 promoter (−683 bp to −506 bp) was cloned into pMD20-T vector with Mighty TA-cloning Kit (Takara Bio, Otsu, Japan) for sequencing. Alignment and methylation analysis was performed using the online QUMA analysis program from RIKEN.
Statistical analysis
Statistical comparisons between two groups were done using an unpaired Student's t test. Data are expressed as the means ± standard error of the mean (SEM). Statistical tests comparing multiple groups were performed using a one-way analysis of variance, followed by Dunnett's post hoc test. Data are expressed as the means± SEM.
RESULTS
FLO1 reporter activities in the yeast transformed with the DNMT genes and empty vectors
To investigate the influence of DNA methylation on FLO1 promoter activity, we examined the fluorescence intensities of GFP reporter under the wild-type FLO1 promoter. It was revealed that 5AZ (0.2 mM) significantly repressed the reporter activity in the DNMT-genes transformed yeast (DNMT yeast). In addition, the reporter activity under the transcriptional control of the modified FLO1 promoter to reduce its CpG motifs was substantially reduced in the yeast (Fig. 1A) . This result appears to be in agreement with our previous findings showing that the FLO1 promoter is activated in the yeast carrying DNMT expression vectors (Sugiyama, Takamune and Furusawa 2015) . Surprisingly, similar results were also obtained with empty-vector control strain. We found a significant reduction in the fluorescence intensities under the modified FLO1 promoter (Fig. 1B) . To confirm the effect of 5AZ on the intensity in the control yeast strain, the cells were treated with 0.4 mM 5AZ. It was found that the GFP fluorescence in the control yeast as well as in the DNMT yeast was significantly repressed by 5AZ at the concentration. Furthermore, we also confirmed that the basal level of the fluorescence intensities in the DNMT yeast was significantly higher than that in the control yeast (Fig. 1C) .
Next, the effect of other DNMT inhibitor on FLO1 promoterdriven GFP activity in the yeasts was also examined. Although natural nucleoside 2dC up to 3.2 mM had no significant influence on the reporter activity in both strains, the DNMT inhibitor 5A (0.8 mM)-induced reduction in the activity in not only DNMT yeast, but also in the control yeast strain. It was confirmed that the reporter activity was slightly reduced by 5AZ at a concentration of 0.2 mM in the empty-vector control strain (Fig. 2) . The compounds used in this study were confirmed to have no significant effect on GFP expression from the reporter plasmid without FLO1 promoter fragment (data not shown). Taken together, these results imply that DNA methylation is associated with FLO1 gene expression in both strains.
DNMT1-gene transformed yeast exhibit flocculation
Results from previous studies suggest that yeast transformed with de novo and maintenance DNMT genes show a Flo1-mediated flocculation (Sugiyama, Takamune and Furusawa 2015) . Because our results suggest that a de novo DNA methylation activity in control cells results in the enhancement of transcription of the FLO1 gene, we further characterized the property of flocculation of yeast transformed with an expression plasmid encoding cDNA of DNMT1 that catalyzes the maintenance of DNA methylation. As shown in Fig. 3A , we confirmed that DNMT1 gene-transformed yeast cells displayed a flocculation phenotype that was significantly repressed by 5AZ (0.1 mM). Furthermore, it was confirmed that the flocculation phenotype was accompanied by an enhancement of FLO1 expression that was downregulated by 0.2 mM of 5AZ (Fig. 3B) . Collectively, de novo DNA methylation of FLO1 promoter is considered to play an important role in Flo1-mediated flocculation of DNMT1 genetransformed yeast. Thus, de novo DNA methylation activity is present in yeast cells and may be responsible for increase in the transcription of FLO1.
Characterization of CpG methylation of yeast FLO1 promoter
Yeast cells carrying no exogenous de novo DNMT gene exhibited a decline in fluorescent intensity of GFP reporter under the control of the modified FLO1 promoter containing a lower amount of CpG motifs and a flocculation by introducing the maintenance DNMT gene, indicating that FLO1 promoter is upregulated by DNA methylation in yeast (Figs 1-3 ). To reveal a DNA methylation pattern within a part of FLO1 promoter (−683 bp to −506 bp), we performed bisulfite sequencing analysis. As shown in Fig. 4A , bisulfite genomic sequencing confirmed that the methylation of CpG sites in FLO1 promoter was present in yeast cells transformed with empty vectors. Interestingly, no CpG methylation was found in the cells treated with 5AZ (Fig. 4B) . Furthermore, the average level of CpG methylation detected in DNMT yeast was higher than that detected in yeast carrying the empty vectors. We detected the relative abundance of methylation at a CpG site (−554), indicating the existence of an unique DNA methylation pattern found in the DNMT gene-transfromed yeast (Fig. 4C) .
DISCUSSION
The expression of flocculation gene FLO1 that is coordinated responses to nutrient starvation is seemed to be controlled by the regulatory epigenetic process that regulate histone acetylation (Sampermans, Mortier and Soares 2005; Fleming, Beggs and Church 2014) . In the present study, we investigated the role of DNA methylation but not histone modification in the regulation of FLO1 promoter. Although the yeast is considered to have no recognizable DNMT-like genes and lack DNA methylation (Suzuki and Bird 2008; Schübeler 2015) , CpG motifs within the FLO1 promoter have been methylated and DNMT inhibitor 5AZ abrogate the methylation (Fig. 4A and B) . Furthermore, GFP expression driven by the CpG-reduced FLO1 promoter was significantly downregulated in the yeast strain used in this study (Fig. 1B) . It should be noted that basal level of DNA methylation seems to differ between yeast strains (data not shown). Taken together, these results suggest that functional homolog of mammalian de novo DNMT is present in budding yeast cells. This hypothesis is also supported by the observation that yeast transformed with plasmid bearing cDNA of DNMT1 showed a 5AZ-inhibited flocculation coupled with upregulation of FLO1 mRNA (Fig. 3) . In addition, the DNA methylation within FLO1 promoter in yeast strain YPH250 that we suggest here is consistent with some previous studies that DNA methylation can be detected in DNA from yeast cells (Hattman, Kenny and Berger 1978; Tang, Gao and Wang 2012) . It is well known that methylation of CpG islands in the promoter regions has been associated with gene expression (Zerbini and Libermann 2005; Saxonov, Berg and Brutlag 2006 ). In the current study, DNA methylation of a specific CpG site (−554 bp) within FLO1 promoter was detected in the DNMT yeast but empty-vector control strain exhibited additional pattern ( Fig.  4A and C) . However, defect in DNA methylation at the −554 bp CpG site in FLO1 promoter region was observed in empty-vector control strain treated with 5AZ (Fig. 4B) . These results suggest that methylation status of the specific CpG site at −554 bp of yeast FLO1 promoter plays an important role in regulating gene expression of FLO1gene. It should be noted that an FLO1 promoter region showed low methylation levels in the yeast cell, which may specifically induce endogenous DNMTs under adverse environmental conditions such as starvation. This study also suggests that de novo DNA methylation by human DNMT3B is a progressive process that is more site specific. Since DNMT3B possess significant methylation activity toward the nucleosome core region (Takeshima, Suetake and Shimahara 2006) , we speculate that the nucleosome core region is not suitable substrate for methylation by a putative DNMT homolog in yeast. Alternatively, DNMT3L that is a catalytically inactive co-factor for DNMT3B may be required for the establishment of a correct patterns of non-CpG methylation by DNMT3B (Xie, Huang and Chen 2006) . In addition, DNA methylation at FLO1 promoter seems to be linked to the upregulation of its gene expression. It has been reported that methylation in an intragenic region of the imprinted Igf2 gene enhanced transcription (Murrell, Heeson and Bowden 2001) . Since DNA methylation at the gene promoter generally, but not always, is associated with transcription repression (Bird 1986 ), FLO1 promoter-driven GFP reporter assay may provide a useful model system to understand the mechanisms underlying DNA methylation mediated control of gene expression. Here, we report for the first time that the methylation of FLO1 promoter correlates with the induction of gene expression of the promoter-driven GFP reporter in yeast cell. As shown in Figs 1 and 2, 5AZ significantly repressed FLO1 promoter-reporter activity in the DNMT yeast, and a similar trend was also observed in empty-vector control strain. However, our previous studies indicated that 5AZ prevented flocculation phenotype and downregulated FLO1 mRNA levels in yeast transformed with plasmids encoding DNMT cDNAs, but not yeast transformed with empty vectors (Sugiyama, Takamune and Furusawa 2015) . Our previous results were consistent with the findings that only DNMT1-gene transformed yeast strain showed 5AZ reduced flocculation and FLO1 mRNA levels (Fig. 3) . Altogether, our results indicate that the levels of flocculation or FLO1 mRNA in emptyvector control strain were consistently lower and difficult to detect. On the other hand, it is conceivable that GFP intensity driven by FLO1 promoter is more sensitive to the DNA methylation level at the promoter and could be used as a suitable biomarker for the detection of DNMT inhibitors. Since the DNMT yeast show a higher basal level of GFP fluorescent intensity, they can be suitable host cells for screening DNMT inhibitors (Figs 1 and 2 ). In summary, we describe that DNA methylation represents an epigenetic mechanism regulating FLO1 gene transcription in budding yeast. We found evidence that the DNA methylation of CpG sites within the FLO1 promoter region was correlated with the gene expression, yet the mechanisms are still unclear. Thus, it will be important for future studies to examine the transcriptional regulation through DNA methylation in FLO1 promoter. In addition, this study demonstrates that FLO1 promoter-driven expression of GFP in the DNMT yeast may provide a quantitative measure of DNA methylation. However, we need to further validate and demonstrate the usefulness of this reporter assay system. Future experiments involving the identification of putative DNMT homolog in yeast and the analysis of the cross-talk between DNA methylation and histone modification by the FLO1 reporter assay will help us to understand the molecular basis of epigenetic regulation not only in yeast but also in mammalian cells.
